A subchannel void sensor (SCVS) was developed to measure the cross-sectional distribution of void fraction in a 5×5 heated rod bundle with o.d. 10 mm and heated length 2000 mm, and applied to a boiling two-phase flow experiment under the atmospheric pressure condition assuming at an accident or in a spent fuel pool in a boiling water reactor (BWR). The SCVS comprises 6-wire by 6-wire and 5-rod by 5-rod electrodes. The wire electrodes of 0.2 mm in diameter are arranged in lattice patterns between the rod bundle, while the electric conductance value in a region near one wire and another corresponds to local void fraction in the central-subchannel region. The local void fractions at 32 points (= 6×6-4) can be obtained as a cross-sectional distribution. The local void fractions near the rod surface at 100 points (= 4×25) can be also estimated by the conductance value in a region between one wire and one rod. The devised sensors are installed at five height levels along the axis to acquire two-phase flow behavior. A pair of SCVS is mounted at each level and placed 30 mm apart to estimate the one-dimensional phasic velocity distribution based on the cross-correlation analysis of both layers. The temporal resolution of void fraction measurement is 1600 frames (cross-sections) per second. The axial and radial power profile of the heated rod bundle are uniform, and eight pairs of sheath thermocouples are embedded on the heated rod to monitor its surface temperature distribution. The boiling two-phase flow experiment, which simulated a boil-off process, was conducted with the devised SCVS and experimental data was acquired under various inlet flow velocity, rod bundle power and inlet subcooling conditions. The experimental results were presented by the axial and cross-sectional distributions of void fraction, phasic velocity and bubble-chord length.
Introduction
The boiling two-phase flow in a fuel rod bundle of a BWR has multi-dimensional and transient flow characteristics. In particular, in the event of an accident that the water level in a reactor falls under low-flow velocity or pool conditions, the boiling two-phase flow pattern is complicated due to the rapid increase in void fraction and vapor bubble coalescence. For example, void-fraction and rod-temperature distributions during the boil-off process in the reactor core were obtained by system-integral tests conducted by Anoda et al. (1990) and Lee et al. (1999) and individual effect tests conducted by Anklam et al. (1982) , Pearson et al. (1984) , Aksan et al. (1993) , Kondo et al. (1993) and Qazi et al. (1994) . An axial void fraction distribution is usually acquired by differential-pressure gages as a volume-averaged value. To obtain local void fraction data, local measurement using a probe sensor and X-ray computed tomography measurement was conducted. In addition, in recent years, three-dimensional boiling two-phase flow analyses for heated rod bundles were also reported by Pointer et al. (2008) and Kocar and Sökmen (2009) . To validate the analytical results in detail, experimental data of boiling two-phase flow behaviors, such as three-dimensional distributions of void fraction, bubble velocity and bubble size should be obtained. However, it is difficult to acquire sufficient information on the unsteady-state and multi-dimensional flow dynamics in the rod bundle.
This research aims to develop a multi-dimensional and high sampling rate measurement technique of boiling two-phase flow in a heated rod bundle.
Subchannel void sensor (SCVS)
The SCVS was developed to measure void-fraction distribution in a rod bundle under air-water two-phase flow condition (Arai et al., 2012) . In this research, the SCVS was applied to a heated rod bundle to simulate a fuel rod bundle of the BWR. Figure 1 shows a schematic of the SCVS, the design of which is based on a 5×5 rod-bundle geometry. The diameter of the heated rod is 10 mm, and the rod pitch is 13 mm. 6 by 6 wires are inserted in the gaps between the rods, and act as independent electrodes. The diameter of the wire electrode is 0.2 mm. The 6 wires arranged parallel with each other of both layers cross at an angle of 90º with a vertical gap of 2 mm as shown in Fig. 1 side view. The electrical potential at a cross-over point of upside and downside wires gives a local void fraction in the central-subchannel region, e.g. the void fraction distribution over 32 points (= 6×6-4). A unique feature of the devised sensor is that the local void fraction near the rod surface can be estimated using the electrical potential at the gap between the wire electrode and the rod electrode. The simulated fuel rods are used as independent electrodes and the electrical potential at the gap of a single wire and rod gives the local void fraction near the rod surface, e.g. the void fraction distribution over 100 points (= 5×5×4). Therefore, the sensor can acquire the local void fractions at 132 points in the central-subchannel and near the rod surface of the 5×5 rod bundle. The signal-processing technique of the wire mesh sensor (Prasser, et al., 1998) was applied to the SCVS signal processing. The maximum sampling rate is 5000 frames (cross-sections) per second for a pair of SCVS. The SCVS could be applied to higher pressure and higher temperature flow conditions such as BWR operating condition.
A local void fraction (t) was estimated by electric potential U(t) acquired by SCVS according to the following equation:
where U l and U g are the electric potential of single-phase liquid and gas flows, respectively. Since the electrical potential of single-phase gas flow is usually negligible, U g is regarded as zero. A bubble velocity is also important to evaluate the flow regime and the two-phase flow structure. The SCVS can acquire a phasic velocity evaluated by a pair of time-series data of the void fractions obtained by the sensors. The phasic velocity means a moving velocity of the gas-liquid interface. The SCVS can evaluate the one-dimensional velocity of bubbles and slugs as an interfacial moving velocity in the axial direction. The pairs of sensors are mounted 30 mm apart in the axial direction. When a vapor bubble traverses the pair of sensors, there is a time lag between the void fraction signals from them. The one-dimensional phasic velocity in the axial direction u g is calculated as:
where s is the distance between the sensors, namely 30 mm in this experiment, and  t is the time lag when the vapor bubbles traverse the pair of sensors.  t is calculated by a cross-correlation analysis of the time-series data of the local void fraction at the same axial position obtained by a pair of sensors.
The bubble-chord length is the one-dimensional vertical length of the vapor bubble, and an indicator of bubble size. It can be evaluated by the time-series data of the local void fraction obtained by a pair of sensors and is calculated by
where  g is the residence time of the bubble traversing the sensor plane. The residence time is estimated by binarizing the original time-series data using a certain threshold. The threshold of the binary processing is implicitly determined so that the time-averaged void fraction of the original data is equal to that of the binarized data.
Experiment
To clarify the applicability of the SCVS to the boiling two-phase flow measurement in a rod bundle, a boiling two-phase flow experiment in the heated rod bundle under low-flow rate and atmospheric pressure was conducted. Figure 2 shows a schematic of the experimental test loop, which comprises a water circulation pump, flow meters, a preheater, a test section, a separation tank and a heat exchanger. Water was supplied to the test section by the circulation pump through the preheater. The supplied water was heated in the test section and upward boiling two-phase was generated. Water and vapor were separated at the separation tank, whereupon the vapor was discharged to the atmosphere, and the water was recirculated through the heat exchanger and the pump. Since the flow condition of the experiment shows a low flow rate, equivalent to that of natural circulation, it is important to secure measurement accuracy in the low-flow region. Therefore, two kinds of flow meter (Emerson Micro Motion ELITE sensor), with different measurement ranges and ±0.1% accuracy in each, were installed. The test fluid is water that has traversed an ion-exchange resin. The electric conductivity of the water was kept below approximately 20 S/cm by refilling the water periodically to maintain the reproducibility of the SCVS measurement. Figure 5 shows a partial cutaway view of the SCVS. The channel box is made of transparent polycarbonate to observe the boiling two-phase flow from the side of the test section. Wire electrodes are locked and sealed by plugs, and connected to a signal processor. Springs are installed in the SCVS unit to maintain the tension of each wire. Moreover, all the spacers are electrically insulated by coverings so that the heater rods can be used as electrodes individually.
In the experimental procedure, the calibration of the SCVS and the differential-pressure gauge were performed under a certain flow condition before the experiment. Following the calibration, the heater rods were heated up, and the flow rate, the inlet subcooling and the rod bundle power were maintained constant according to the experimental conditions. Keeping a steady-state condition, the void fraction measurement with the SCVS, the differential pressure measurement and visual observation with a high-speed digital video camera were conducted.
The experimental conditions are shown in Table 1 . The test pressure was an atmospheric pressure since the separation tank was open to the atmosphere. The inlet subcooling was 1 K and the experimental parameters were the inlet-flow rate and rod bundle power. The inlet flow rate was varied from 0.1 to 0.3 m/s, corresponding to the natural circulation flow rate, while the rod bundle power was varied from 7.5 to 52.5 kW corresponding to about 1 to 7 % of the rated thermal power of the fuel rod in BWR. The surface heat flux was varied from 4.8 to 33 kW/m 2 , while the radial and axial distributions of the rod bundle power were uniform. 5, 15, 23, 38, 45, 53 (4.8, 9.6, 14, 24, 29, 33) Radial power profile Uniform Axial power profile Uniform 
Results and discussion
The experimental data were acquired keeping the steady-state flow conditions, while the measurement conditions were as follows: The nucleate boiling was found to occur near the second and fourth spacers from the observation by the high-speed digital video images with 1250 fps. The sampling rate of the SCVS was 1600 cross-sections per second and the time-series data of 25 s time interval were acquired under each flow condition. The sampling rate of the differential pressure data was 10 Hz.
Boiling two-phase flow behaviors observed from the side of the test section are shown in Fig. 6 . The inlet-flow rate is 0.1 m/s and the inlet subcooling is 1 K, and the surface heat flux is varied from 4.8 to 14 kW/m 2 . With increase in the surface heat flux, the onset position of the nucleate boiling travelled from the third to the first spacer. When the surface heat flux was 14 kW/m 2 , in particular, small vapor bubbles up to the diameter of 5 mm rose at random in each channel just after the onset point of the nucleate boiling. Along the flow in the downstream of the flow channel, the void fraction increased and large vapor slugs covering two or more channels were generated. The large vapor slugs passed through the center of the flow channel periodically. Figure 7 shows the time series of void-fraction distribution acquired by the SCVS. The inlet-flow rate, inlet subcooling and surface heat flux are 0.1 m/s, 1 K and 14 kW/m 2 , respectively and the time-averaged data and time-series data at every 50 ms are shown as colored maps. The black circles indicate the rod bundle arrangement. When the void fraction varies from 0 to 1.0, the color map changes from blue to yellow. The SCVS detected that the small vapor bubbles within a single channel scale traversed each channel at a point downstream of the first spacer where z = 598 mm. At the point downstream of the second spacer where z = 1098 mm, the void fraction shows a rapid increase and large vapor slugs spreading to cover two or more channels move upward while traversing mainly the center of the flow channel. The axial distribution of the time-averaged void fraction acquired by the SCVS was compared to that obtained by the differential-pressure gage. When the void fraction is estimated by the differential-pressure measured value, the pressure losses are taken into consideration: gravitation, wall friction and pressure loss of the spacer. The measured value of the differential-pressure is expressed by: where  is the void fraction,  the density, P the pressure, and g the gravitational acceleration. The subscripts g and l denote vapor and liquid phase, respectively. The terms on the right-hand side of the equation correspond to gravitational losses, wall friction loss, and local friction loss by the spacer.
In order to evaluate the wall friction loss of the two-phase flow, the ratio of the two-phase flow pressure loss to the pressure loss when the total mass flows as the liquid phase, i.e. the two-phase friction multiplier described by Eq. (7), is applied. The wall friction loss of the two-phase flow for the homogeneous model is as follows:
where G is the mass flux, D h the hydraulic diameter,  m the mean density of the homogeneous model,  l the liquid density,  m the friction factor of the two-phase flow, and  l the friction factor of the liquid single-phase flow.  l is calculated by the differential-pressure for measured interval without spacer as shown in Fig. 8 . The flow condition of the experiment is in the turbulent flow region and shows a good agreement with the Blasius equation. The mean density is given as:
where x is the flow quality. In the experiment, the quality is calculated by the equilibrium model. When the viscosity of the two-phase flow is assumed to be equal to that of the liquid single-phase flow and the friction factor of the two-phase flow  m is given by the Blasius equation, the two-phase friction multiplier can be estimated as: Kondo et al. (1993) indicates that the calculated pressure loss and experimental result show a good agreement by choosing an appropriate friction factor for the spacer pressure loss evaluated based on the homogeneous model. The pressure loss of spacers is assumed to be proportional to the kinetic energy of the homogeneous flow, as expressed by: 
where K sp is a proportional constant. When it is assumed to be constant with a quality, the spacer pressure loss in the two-phase flow can be estimated as the same as that in the liquid single-phase flow. In the present experiment, K sp was estimated from the difference in the pressure loss data with spacer and without spacer. Figure 9 is a relationship between the proportional constant K sp and the Reynolds number, while the data of the boil-off experiment using a two-phase flow test facility (TPTF) by Kondo et al., (1993) are also plotted. K sp for the present experiment is around 1 to 2 and relatively smaller than that of the data of the boil-off experiment by Kondo et al. The spacer structure remarkably affects the spacer pressure loss. Grid and ferrule spacers were used in the TPTF boil-off and present experiments, respectively. Using the proportional constant obtained by the liquid single-phase flow experiment, the spacer pressure loss in the boiling two-phase flow was evaluated.
To evaluate a cross-sectional averaged value of void fraction from the data measured at 132 points, the region around each measuring point is divided as shown in Fig. 10 . The measuring region between the rod and the wire electrodes represents the flow near the rod surface, while the region near the rod surface is defined as a flow area 1.5 mm apart from the rod surface. The region near the rod surface was divided into four subregions and assigned by four measuring points near the rod surface. The rest of the flow area is assigned by the central-subchannel region. All the measuring regions were divided into nine regions. Region 1, 3, 5, 6, 7 correspond to the region near rod surface, and region 2, 4, 8 correspond to the central-subchannel region. The corner region shown as purple-colored area is calculated as an average of two neighboring regions near the rod surface. Figure 11 shows comparisons of axial void fraction distributions between the data obtained by the SCVS and the differential-pressure measurement. The void fraction acquired by the SCVS represents a cross-sectional averaged value calculated with the time-series data of 25 s time interval. The void fraction estimated by the differential-pressure measurement data represents a volume-averaged value calculated with the time-series data of the same time interval as the SCVS data. The void fraction obtained by the differential-pressure measurement data is plotted against an axial distance corresponding to the middle position of each measuring interval. The both void fraction distributions show good agreements for each surface heat flux. Figure 12 shows the time-averaged cross-sectional distributions of the void fraction, phasic velocity and bubble chord length evaluated by the SCVS based on the divided nine regions as shown in Fig. 10 . The void fractions, phasic velocities and bubble-chord lengths were calculated as region-averaged values in each area. Figure 13 shows the time-averaged axial distributions of the void fraction, phasic velocity and bubble-chord length in which these are calculated as area-averaged values at each height level. The inlet-flow rate and the inlet subcooling are 0.3 m/s and 1 K, respectively. Experimental results for the surface heat fluxes of 14, 19. 24, 29 kW/m 2 are plotted as triangular, circular, diamond and square symbols. Open and closed symbols as shown in Fig. 12 indicate the measured values in the central subchannel and the rod surface regions, respectively. As the bundle thermal power was increased, the onset position of nucleate boiling shifted upstream of the test section. Once the vapor bubbles were generated, the void fraction increased. Along with the flow channel, the vapor bubbles became large and travelled mainly in the central-subchannel region apart from the rod surface. As the void fraction increased, the more vapor bubbles coalesced with each other and concentrated in the center of the flow channel and the cross-sectional distributions of the void fraction, phasic velocity and bubble-chord length changed to center-peaking profiles. A large vapor slug with a bubble-chord length exceeding 200 mm was observed at z = 2098 mm in the case of surface heat flux 29 kW/m 2 as shown in Fig. 12 .
These results show that the SCVS can clarify the developing process of multi-dimensional boiling two-phase flow structure in a heated rod bundle in detail by evaluating not only the void fraction but also the phasic velocity and bubble-chord length. The experimental data is useful to improve the void fraction correlation during the boil-off process in consideration of two-phase flow distribution and to validate three-dimensional boiling two-phase flow analysis.
Conclusions
A subchannel void sensor (SCVS) was developed to measure the void-fraction distribution in a 5×5 heated rod bundle. The SCVS comprises 6-wire by 6-wire and 5-rod by 5-rod electrodes. The conductance value in a region near one wire and another reveals the local void fractions at 32 points (= 6×6-4) in the central-subchannel region. The local void fractions near the rod surface can be also estimated by the electric conductance values between the wire and the rod at 100 points (= 5×5×4). Therefore, the void fraction distribution over a total of 132 points can be acquired with the maximum sampling rate of 5000 frames (cross-sections) per second.
To clarify the applicability of the SCVS to the boiling two-phase flow measurement in a rod bundle, a boiling two-phase flow experiment with the heated rod bundle was conducted under low flow rates and an atmospheric pressure conditions. The inlet flow rate was varied from 0.1 to 0.3 m/s, corresponding to the natural circulation flow condition, while the rod bundle power was varied from 7.5 to 52.5 kW corresponding to about 1 to 7 % of the rated thermal power of the fuel rod in BWR. The results show that the SCVS can acquire the multi-dimensional boiling two-phase flow structure in the rod bundle in detail by evaluating not only the void fraction but also the phasic velocity and bubble-chord length. Comparing the axial void fraction distributions between the data obtained by the SCVS and the differential-pressure measurement, the both results show good agreements for each surface heat flux. 
